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Chasing the Elusive Pressure–Volume Relationships*
Daniel Burkhoff, MD, PHD
New York, New YorkQuantification of ventricular pump function is fun-
damental to the practice of cardiology and is re-
quired for research into most aspects of cardiac
physiology, disease, and therapeutics. Drawing an
analogy between the heart and a steam engine, Otto
Frank (1) introduced the pressure–volume diagram
as a means of characterizing left ventricular prop-
erties in the 1890s. Nearly 80 years later, Suga (2)
formalized the idea that the relationship between
pressure and volume at end systole was relatively
independent of loading conditions and that the
slope of the curve, called Emax or Ees, was a sensitive
measure of contractility. At nearly the same time,
See page 1271
several investigators demonstrated how the rela-
tionship between pressure and volume at end dias-
tole similarly provided the framework for quantify-
ing passive properties of the myocardium (3,4). In
the decades to follow, there was intensive research
into the characteristics of the end-systolic pressure–
volume relation (ESPVR) and end-diastolic
pressure–volume relation (EDPVR) and these be-
came the gold standards for quantifying pump
function in animal research (5). Despite recognition
of the major theoretical advantages of this approach
(6), adoption into clinical research was limited, and
this approach has not been incorporated into clin-
ical practice.
The major obstacles that have limited more
widespread use of the pressure–volume approach
include: 1) the need for invasive, high-fidelity pres-
sure monitoring; 2) the need for an accurate means
of continuous monitoring of absolute ventricular
*Editorials published in JACC: Cardiovascular Imaging reflect the views of
the authors and do not necessarily represent the views of JACC: Cardio-
vascular Imaging or the American College of Cardiology.From Columbia University, New York, New York.volumes; and 3) the need to vary loading conditions,
typically by either vena caval occlusion or the use of
vasoactive drugs to increase or decrease arterial
resistance to obtain pressure and volume over broad
ranges of values. It was initially believed that intro-
duction of the conductance catheter for continuous
volume measurement (7) would provide the previ-
ously missing tool for adoption of pressure–volume
analyses into the clinic. However, the other factors
remain dominant to this day, especially the inva-
siveness of the measurements. As a result, despite
major theoretic disadvantages, noninvasively mea-
sured ejection fraction remains the measures of
choice for quantifying systolic properties and a host
of Doppler echocardiographic-derived measures of
diastolic flow patterns and wall motion are the
choice for quantifying diastolic properties. Never-
theless, many investigators remain intent on devis-
ing strategies for measuring these elusive pressure–
volume relations in ways that are practical for
clinical research and for clinical practice. I believe
that it is worth the effort, and interesting advances
have been made.
For example, the concept of estimating the entire
ESPVR (8,9) and entire EDPVR (10,11) from
measurements of pressure–volume data from a sin-
gle steady-state beat have been introduced, vali-
dated, and used in some studies. Such approaches
are designed to obviate the need to alter the loading
conditions on the heart. In some cases, these
approaches have been used with data obtained from
completely noninvasive measures (12–14). In such
case, ventricular volumes have been measured with
2- or 3-dimensional echocardiography (there is no
reason why cardiac magnetic resonance [CMR]
techniques could not be used for this), estimates of
systolic pressure obtained by standard blood pres-
sure cuff and left atrial pressures estimated by
Doppler echocardiography of mitral inflow patterns
as a surrogate for left ventricular end-diastolic
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1283ressure. Though the noninvasive nature of this
pproach is very appealing, there is always a ques-
ion of accuracy, especially when it comes to the
ccuracy of the end-diastolic pressure estimates.
In this issue of iJACC, Schmitt et al. (15)
escribe and validate a CMR catheterization based
ethod for estimating the EDPVR and the
SPVR. Very appealing is that the technique can
imultaneously be applied to the right and left
entricles. The technique employs invasively mea-
ured ventricular pressures and an inferior caval
alloon inflation to vary load. Absolute ventricular
olumes are measured throughout the cardiac cycle
sing multislice-multiphase cine magnetic reso-
ance images of steady-state beats. From these
ata, the ESPVR can be estimated from a previ-
usly validated single beat method (9). Then, a vena
aval occlusion is performed, and the time course of
jection is determined on a beat-by-beat basis using
eal-time velocity-encoded cine CMR. Integration
f the ejection flow values yields continuous, abso-
ute changes in volume for each beat relative to the
s-yet-to-be-defined end-diastolic volume. Thus,
or each beat, a pressure–volume loop is obtained
minus the diastolic filling portion), but the starting
olume for each beat is unknown. In a post-
rocessing final step, however, each of the loops
easured during the vena caval occlusion is shifted
o that its end-systolic pressure–volume point falls
n the ESPVR established from the steady-state
eat and single-beat method. After all beats are
ppropriately placed, the end-diastolic volumes are
efined, and so too is the EDPVR. The pressure–
olume relations are shown to behave appropriately
n the face of inotropic stimulation.
The major advantages of this approach include:
) that it takes advantage of the high accuracy of
MR-determined continuous volumes and flows;
) it readily allows simultaneous assessment of both
ight and left ventricles; and 3) that it uses inva-
ively measured pressures, taking away uncertainty
bout the accuracy of end-diastolic and -systolic
ressures. The last point also represents one of the
otential limitations, which, as with the traditional
pproach, makes the technique invasive. Other
imitations include: 1) that a catheter is required for
ena caval occlusion; 2) it assumes that there is no
itral or tricuspid regurgitation (which is very
requently present, especially in heart failure); 3) it
annot be performed in patients with contraindica-
ion for CMR; and 4) there is also the need to
ransfer the patient from the cardiac catheterization
aboratory to the CMR suite with pressure and Eaval occluding catheters in place, which could pose
ogistical issues at some institutions. Thus, com-
ared with the traditional approach, the important
ifferences are: 1) substitution of CMR-based esti-
ates of volume for conductance catheter-based
easurements; 2) estimation of the ESPVR using
ingle beat methods instead of direct measurements
uring caval occlusion; and 3) ease of obtaining
iventricular data. Since CMR machines are more
eadily available than conductance catheter equip-
ent, it is possible that the current approach could
acilitate estimation of pressure–volume loops in
enters interested in their measurement that have
eretofore shied away. The merits of this approach
re clear, and it will be very interesting to see how
any studies emerge using this technique. The
uthors are to be congratulated for arriving at this
nteresting and creative approach.
There are a few further technical comments
oncerning the interpretation of parameters derived
rom pressure–volume analysis. In most studies, the
SPVR is assumed to be linear, and thus described
y a slope (Ees) and intercept value; the volume-axis
ntercept, Vo, is used for this throughout the liter-
ture. Since, in reality, the ESPVR is not generally
inear over the entire range of pressures and vol-
mes, it is important to report and account for
hanges in both Ees and Vo values, especially when
escribing differences in the ESPVR between
roups of patients or when describing changes in
he ESPVR in response to an intervention. At the
xtreme, an intervention for which Ees does not
hange and Vo is shifted to lower values signifies an
ncrease in contractility, just as an intervention
uring which Ees increases and there is no change in
o. Similarly, when considering the EDPVR, it is
mportant to report and account for changes in all
arameters of the equation used. So, for example,
hile Schmitt et al. (15) reported that the values of
were decreased during dobutamine infusion in
igs (although not humans) and there is a tempta-
ion to conclude that dobutamine increases compli-
nce, it would be incorrect to make such a conclu-
ion without also reporting and considering the
mpact on “A,” the other parameter in the equation
sed (EDP  Ae.EDV). As seen in Figure 7 of the
ccompanying report (15) showing typical exam-
les, the EDPVR is hardly changed by dobutamine
0.5 mm Hg shifts, which could easily be ac-
ounted for by minor differences in volume estima-
ions) even though the values of  decreased by
30%. Furthermore, for both ESPVR and
DPVR, it is most appropriate to use an analysis of
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1284ovariance, which accounts for changes in all pa-
ameters of the relevant equation, rather than a
imple paired t test on individual parameters. The
nterested reader is referred to a relatively recent
eview article on this topic, which goes into greater
etail (6).
In summary, Schmitt et al. (15) describe a very
nteresting approach to assess EDPVR and ESPVR
f both ventricles. The advantage is that the equip-
ent used is now standard in all hospitals. Al-
hough the requirements for invasive pressure mon-
toring and vena caval occlusions will likely continuediac output from intra-ventricular di- 11:177–87.iable approach, especially for animal and clinical
esearch. Particularly appealing is that measure-
ents can be made for both ventricles, which has
een completely lacking in the literatures. Many
ongstanding questions whose answers may rely on
nderstanding of the relative impairment of right
ersus left ventricular systolic and diastolic proper-
ies could potentially be addressed.
eprint requests and correspondence: Dr. Daniel Burk-
off, Columbia University, Division of Cardiology, 177
ort Washington Avenue, New York, New York 10032.to limit widespread adoption, this appears to be a E-mail: db59@columbia.edu.1
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